Introduction
The joint analysis of individual-level data from multiple nutrition studies may improve the ability to answer complex questions in studying the role of diet and metabolism in health and disease that individual studies are underpowered to examine (1) . Moreover, a joint individual-level data analysis, unlike in study-level meta-analysis, offers the possibility to reuse data in new ways by combining individual data from different studies, thereby increasing the diversity of samples and the robustness of statistical subgroup analyses (i.e., increasing statistical efficiency and flexibility). This is particularly relevant for nutrition studies on biomarkers, because their laboratory analysis is usually expensive and joint data analysis may provide an efficient way of using existing biomarker data.
Although international research funders encourage sharing data to maximize discovery and innovation in public health, scientists are reluctant to engage in such initiatives. Reasons for their concern range from intellectual property rights to potential data misuse or misinterpretation, insufficient participant privacy, confidentiality safeguards to scientists, unfamiliarity with data management systems and metadata standards, and general lack of scientific culture for data sharing (2) . In nutritional epidemiology, there are only a few examples of successful implementation of data integration platforms facilitating pooled analysis of individual-level data, including the Nutritional Phenotype database (www.dbnp.org) (3) and
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A prerequisite to facilitating interpretation, comparison, reproducibility, and reuse of data is the identification of minimal information to add as metadata. Several initiatives have developed minimal information checklists containing a set of guidelines or recommendations for reporting data on specific high-throughput experimental technologies that have become a prerequisite for publication in journals (6) (7) (8) (9) (10) (11) . They follow a hierarchical structure developed by the Investigation, Study, and Assay (ISA) Commons (12) , which is a growing community that uses the ISA metadata categories tracking framework to facilitate standards-compliant collection, curation, management, and reuse of data sets in an increasingly diverse set of life science domains (13) . These checklists provide access to a range of background information that may help in interpreting results and having a better picture of the context of the study as well as the methods used, data collected, and conclusions drawn. So far, in the field of nutrition, only Minimum Information About a Nutrigenomics Experiment (MIAME/Nutr) was developed for array-based nutrigenomics experiments, as an extension of the MIAME standards (Minimum Information About a Microarray Experiment) (14) . However, minimal information checklists for the integration of data sets from nutritional epidemiologic studies are lacking.
The aim of this study was to identify epidemiologic observational studies with a wealth of data and metadata, particularly on dietary assessment and traditional and omics biomarkers within the context of the European Nutritional Phenotype Assessment and Data Sharing Initiative (ENPADASI). These studies served as the basis for the identification of minimal information, hereafter referred to as minimal requirements to connect existing and future study (meta)databases and facilitate data exchange, data interpretation, and increasing the robustness of results from future joint data analysis in nutritional epidemiology-and for infrastructures that support such projects. In the present study, joint data analysis refers to either "pooled," if individual-level data from different studies are stored in a single central database, or "federated," if joint analyses of individual-level data from several studies are conducted without physically transferring their data into a single central database.
Methods

Consortium assembly
This study was conducted within the framework of ENPADASI, a knowledge hub comprising 51 partners from 9 countries that aim to provide the open-access Data Sharing Initiative for Nutrition (DASH-IN) infrastructure with easy-to-follow instructions for data-and metadata-sharing processes and tools to address political, legal, and ethical barriers to enable joint data analyses (15, 16) . It was created in response to a call by the Joint Programming Initiative "A Healthy Diet for a Healthy Life" (JPI-HDHL) within the strategic research area of "diet-related chronic diseases" (17) . Interested research groups submitted an "Expression of Interest" letter to the Call Secretariat and networked to develop the ENPADASI program proposal, in which a list of studies (24 observational and 79 intervention or mechanistic) potentially available within the appointed ENPADASI members was provided.
Development of a tool for collecting study metadata
A template was developed to obtain meta-information from each identified observational study. The first version of the template was based on the work conducted in task 2.1.2 "Explorative secondary data analysis and further development of the dynamic and evolving framework of determinants of dietary behaviour" within the JPI-HDHL Determinants of Diet and Physical Activity (DEDIPAC) project (18) . This template was then modified by a group of involved researchers to fit the purposes of ENPADASI. The final template was circulated to those ENPADASI partners who were concerned with identification of studies and data collection, and was further extended to JPI-project DEDIPAC partners. To include as many studies as possible, the inclusion criteria were very broad: cohort, case-control, or cross-sectional studies with data on nutrition (i.e., dietary assessment) and conducted in humans.
The template contained the following information: 1) general information on the study (name of study, study web links, funding body, coordination center of the study), 2) scope of the study, 3) study design and recruitment, 4) exposure measurements (dietary intake, alcohol and tobacco consumption, physical activity, sedentary behavior, anthropometric measurements, sociodemographic information, and health status), 5) main health-related outcome, and 6) laboratory measurements in biological samples (traditional biomarkers as well as omics biomarkers, such as proteomics, genomics, transcriptomics, and metabolomics). In addition, the template ascertained information on signed informed consents, ethics committee approval, and potential raw and metadata sharing (within and outside the ENPADASI consortium).
The template was circulated to the principal investigators from the 24 observational studies that expressed their interest when the call was launched. In addition, the template was circulated among the EN-PADASI partners to identify more studies. The partners filled in the requested information for the respective study and returned the complete templates to the Max Delbrück Center for Molecular Medicine, where they were kept and aggregated into a final list of observational studies for integration in ENPADASI.
Identification of minimal requirements described in the form of a checklist
The concept of minimal requirements was defined in ENPADASI as the description of a set of metadata descriptors sufficient for clear interpretation and use of data, to improve study comparability, and finally, to aid in the development of reusable data-quality metrics. The foundation of the research infrastructure that is currently being created by the ENPADASI initiative is built on minimal requirements to which data should comply (including the necessary information on study design, endpoints, other measurements, data ownership, data availability, and ethical limitations).
To identify the minimal requirements for observational studies metadata entry, we followed the hierarchical structure developed by the ISA Commons (12) . The "investigation" category describes the project context; the "study" category describes a unit of research, describing the subjects of study and how they are obtained; and the "assay" category describes any analytical measurement. We developed a checklist structure following the 3 ISA categories. The checklist was also developed in close collaboration with the researchers leading the development of study-quality descriptors for data from nutritional epidemiologic research described elsewhere (19) to avoid overlap. Briefly, the study-quality descriptors were identified after a literature review, a faceto-face meeting to discuss the descriptors found in the literature, and a consensus meeting to decide on the essential study-quality descriptors. The difference between the minimal requirements descriptors and the study-quality descriptors is that the former are mandatory and the latter are an optional set of questions. Both minimal requirements and study-quality descriptors (19) define the meta-database in ENPADASI.
Results
We identified 26 observational nutrition studies (20-47) conducted in Germany (n = 8), Italy (n = 6), Belgium (n = 5), Spain (n = 3), Ireland (n = 2), and Estonia (n = 2) ( Table 1 ). The study designs were longitudinal (n = 12 cohort studies), crosssectional (n = 12), and case-control (n = 2) studies. Twentytwo studies were population-based. Four were patient-based, of which 1 was a case-control study (41) , 2 were cohort studies (31, 44) , and 1 was a cross-sectional study (32) . Twenty-four studies recruited adults, of which 7 also recruited subjects aged <18 y. Two longitudinal studies (23, 29, 30) recruited children only. Of the 26 observational studies, 4 are still ongoing (23, 29, 30, 33, 41) The information related to the following sections is based on the metadata provided in the templates and grouped according to the study design. Table 2 describes the studies with information on dietary intake and other covariates. All of the studies collected information on dietary intake, alcohol and tobacco consumption, physical activity, anthropometric measurements, socioeconomic status, and health status, with the exception of 1 case-control study (41) that had no data on tobacco consumption, 1 longitudinal study (44) that had no data on physical activity, and 1 cross-sectional study (40) that had no data on health status (Supplemental Table 1 ). Furthermore, all of the studies had data on health status, mainly on prevalent chronic diseases such as cardiovascular disease, cancer, diabetes, respiratory disease, chronic infectious disease, and neurodegenerative disease.
Assessment of exposures: dietary intake and covariates
Case-control studies. Of the 2 studies from Italy, 1 collected information on dietary intake by using a semiquantitative FFQ, whereas the other study used food records obtained by selfcompleted questionnaires ( Table 2) .
Both studies had subjective data on physical activity, but only one also used accelerometers. One collected data on sedentary behavior objectively (35) . Anthropometric measurements including weight and height were objectively measured in both studies, and one study also measured waist and hip circumference (Supplemental Table 1 ).
Cohort studies. Twelve studies collected information on dietary intake in the form of multiple (n = 3) 24-h dietary recalls, semiquantitative (n = 7) or qualitative (n = 1) FFQs, and food records (n = 4). Twenty-four-hour dietary recalls were conducted after face-to-face (n = 1) and telephone (n = 1) interviews or by self-completed questionnaires (n = 1). FFQs were Identification of studies for joint data analysis 287 3 GINIplus and LISAplus are 2 German birth cohorts whose data will be pooled to increase statistical power as methods are harmonized.
equally conducted after face-to-face interviews (n = 4) or selfcompleted questionnaires (n = 4), and food records were obtained by self-completed questionnaires (n = 2) or face-to-face interviews (n = 2). One Italian study (43) collected information on dietary intake by using all 3 instruments in a subset of participants ( Table 2) . Two studies used a self-completed questionnaire to collect data on food preferences (34, 37) . Eleven studies had subjective data on physical activity, of which 4 also used accelerometers. Three studies collected data on sedentary behavior, of which 1 collected subjective data only (24) , and 2 collected both subjective and objective data (29, 30, 39) . Anthropometric measurements, including height, weight, and waist and hip circumference measurements, were objectively measured in 11 studies. In addition, 2 studies measured these variables subjectively (self-reported) (Supplemental Table 1) .
Cross-sectional studies. Twelve studies collected information on dietary intake, mainly in the form of multiple (n = 4) or single (n = 2) 24-h dietary recalls, semiquantitative (n = 4) or qualitative (n = 2) FFQs, and food records (n = 6). Twenty-four-hour dietary recalls were conducted after face-toface (n = 4) and telephone (n = 2) interviews. FFQs were equally conducted after face-to-face interviews (n = 4) or self-completed questionnaires (n = 4), and food records were obtained by self-completed questionnaires (n = 2) or face-toface interviews (n = 1). Three studies (32, 43, 46, 47) collected information on dietary intake by using all 3 instruments in at least a subset of participants. Three studies used additional questions to collect data on dietary intake: the German National Nutrition Survey II (NVS II) study from Germany (45) applied 24-h dietary recalls, diet history interviews, and weighing records; the Bavarian Food Consumption Survey II (BVS II; Germany) (36) asked a set of questions concerning nutritional knowledge; and the Health Interview Survey (Belgium) (25) asked questions on food consumption ( Table 2) .
All of the studies had subjective data on physical activity, of which 3 also used accelerometers. Eight studies collected data on sedentary behavior, of which 6 collected data subjectively only (21, 26, 36, 42, (45) (46) (47) , and 2 also collected objective data [Food Consumption Survey 2004/2014 (23), Belgium; ActivE-Study, Germany]. Anthropometric measurements, including height, weight, and waist and hip circumferences, were subjectively measured in 7 studies (self-reported) and objectively measured in 11 studies (Supplemental Table 1 ).
Biological samples and laboratory measurements
Case-control studies. The studies had a variety of traditional and omics biomarkers available ( one also collected urine and feces, and the other collected adipose tissue. Overall, traditional biomarkers were available in both studies. Lipids and lipoproteins (mainly HDL cholesterol, LDL cholesterol, and total cholesterol) and glucose and insulin (glucose and insulin in serum and glycated hemoglobin (HbA1c) in EDTA plasma) were measured in 1 study. Both studies had data on inflammatory markers such as IL-6 and TNF-α, but only one had data on C-reactive protein (CRP). Both studies had data on adipokines, such as adiponectin, although one measured this in serum and the other in adipocytes from adipose tissue biopsy samples. One study had data on leptin in either serum or plasma. Further details on biomarkers are described in Supplemental Tables 2-6 . Metabolomics, proteomics, and genomics and transcriptomics were available only in one of the studies. With regard to metabolomics, 1 study applied NMR and MS for concentration measurements in blood (serum, plasma) and urine (Supplemental Table 6 ). One study performed proteomic analyses. Although both studies had DNA available, only one collected genetic information by whole-genome sequencing ( Table 3) .
Longitudinal studies. All of the studies collected biological samples for measurements. Eleven studies collected blood (serum, plasma), 7 collected urine, 5 collected saliva, 2 collected feces, and 1 collected nasal swabs. These studies had a variety of traditional and omics biomarkers available (Table  3) . Overall, traditional biomarkers, metabolomics, proteomics, and genomics and transcriptomics were available in 10, 3, 1, and 6 of the studies, respectively. With regard to lipids and lipoproteins, 9 studies measured HDL cholesterol, 9 collected LDL cholesterol, 10 collected total cholesterol, and 4 collected TGs. Glucose and insulin in serum were measured in 8 and 4 studies, respectively. HbA1c in EDTA plasma was measured in 3 studies. Five studies had data 290 Pinart et al. 
Baltic Nutrition and Health Survey 1997 on inflammatory markers, of which 4 measured CRP, IL-6 (n = 3), and TNF-α (n = 1), among others. Two studies had data on adipokines such as adiponectin or leptin in either serum or plasma. Further details on biomarkers are described in Supplemental Tables 2-6 . With regard to metabolomics (n = 3), 2 studies applied NMR for concentration measurements in serum (n = 1) and in urine, saliva, or feces (n = 1). The latter also applied MS in serum urine, saliva, or feces (Supplemental Table 6 ). One study measured metabolomics using AbsoluteIDQ p180 kit (Biocrates Life Sciences AG, Innsbruck, Austria) in plasma from a targeted group. Two of the 8 studies with DNA available have not yet performed any genotyping or genomic measurements [HCHS and European Prospective Investigation into Cancer and Nutrition (EPIC)-Potsdam substudy, Germany]. However, 6 studies had available genetic information by either whole-genome sequencing (n = 4) or candidate single nucleotide polymorphisms (n = 2) ( Table 3 ). One study (Diet4MicroGut, Italy) also performed metagenomic analyses with available DNA.
Cross-sectional studies. Six studies did not collect biological samples for measurements (22, 25, 40, 42, (45) (46) (47) and thus had no biomarker data available ( Table 3 ). The other 6 collected blood (serum, plasma), of which 4 collected urine and 1 study collected hair. These studies had a variety of traditional and omics biomarkers available (Table 3) . Overall, traditional biomarkers, metabolomics, proteomics, and genomics and transcriptomics were available in 5, 1, 1, and 4 of the studies, respectively. With regard to lipids and lipoproteins, 6 studies measured HDL cholesterol and 5 measured LDL cholesterol, of which 1 had information on LDL cholesterol through calculation and 5 measured total cholesterol. Moreover, 3 of these studies measured TGs (n = 3). Five studies measured glucose and insulin in serum, and 4 studies measured HbA1c in EDTA plasma. Five studies had data on inflammatory markers such as CRP (n = 6), IL-6 (n = 4), and TNF-α (n = 4), among others. Three studies had data on adipokines such as adiponectin or leptin in either serum or plasma. Further details on biomarkers are described in Supplemental Tables 2-6 .
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Metabolomics, proteomics and genomics assessments are listed in Table 4 . One study (26) applied NMR for concentration measurements in urine. The same study performed proteomic analyses. One of the 5 studies with DNA available had not yet performed any genotyping or genomic measurements (ActivE-Study, Germany). However, 4 studies had available genetic information by candidate single nucleotide polymorphisms (Table 3) .
Informed consent, ethics, and data sharing
All of the identified observational studies indicated that their study was approved by an ethics committee or by the National Data Protection Office (45) (Supplemental Table 7 ). All of the studies provided informed consent, with the exception of the Belgian Health Interview survey (25) , for which informed signed consents were not required. Only 4 studies expressed a clear interest in storing and sharing raw data within the EN-PADASI consortium, whereas 4 declared that they probably would. Three were likely to share data upon confirmation from the study board or an agreement form. Four studies agreed to partially share data. Eleven studies were not keen on storing or sharing raw data within the consortium, partially due to uncertainties related to ethics, data protection issues, and privacy, especially for the ongoing cohort studies. Some of these are still internally discussing the possibility of sharing. With regard to metadata, most of the studies agreed to share metadata for future joint data analysis within a federated database system, whereas 5 need confirmation. Table 4 describes a set of mandatory descriptors, totaling 41, following the ISA categories. The Investigation category contains 12 descriptors devoted to collecting metadata about the project context, informed consent and ethical issues (descriptors 1-7), data-sharing policy (descriptors [8] [9] [10] [11] , and data analysis permissions (descriptor 12). The Study category describes a set of 12 descriptors about the study design (descriptors 1-2), study subjects (descriptors 3-5 and 12), and recruitment (descriptors [6] [7] [8] [9] [10] [11] . The Assay category with 17 descriptors describes endpoints (descriptors 1-10), study samples (descriptors [11] [12] [13] [14] , and analytical measurements (descriptors 15-17).
Minimal requirements checklist
Discussion
We identified 26 observational studies conducted in 6 European countries with data on dietary intake, biomarkers, and health outcomes. Their design was mainly cross-sectional or longitudinal. Most of the studies included adults, mainly from the general population. All of the studies had data on dietary intake, and 20 studies collected samples such as blood (serum, plasma), urine, or saliva, which are the most commonly used to measure omics biomarkers (48) . Although most of the 20 studies had data on lipoproteins and glucose and insulin biomarkers available, metabolomics or proteomics profiles were determined less often and in different biological samples. Our results are in agreement with the fact that the methodology used for genomics is relatively mature, whereas the methodology used for the metabolome is still in its infancy (48, 49) . From these studies, we identified a set of minimal requirements that each study should provide when uploading their study metadata into a metadatabase to allow for interpretation and comparability of the data.
The identified studies are heterogeneous in their design and used various types of dietary assessment methodologies. Nonetheless, we identified observational studies with comparable data on traditional biomarkers. To study nutritional phenotypes, diet-related subsets of metabolites, genes, and proteins can be used as biomarker profiles (49) . Our studies collected limited and diverse omics data, which, at a first glance, may preclude the possibility to compare or join these types of data. The scarce omics data from the identified studies may be due to the current limitations in multi-omics integration (i.e., the cost of omics methodologies, computational integration of multidimensional omics data, and the diversity of samples used, which largely depends on the study aims and technical issues). Yet, 2 Italian studies (35, 43) measured metabolites by using both NMR and MS in urine samples, which may allow for comparability. In addition, a third study (26) from Ireland measured metabolites by using NMR in urine. The same 3 studies (26, 35, 43) also collected data on proteomics and genomics so that nutritional phenotypes could be characterized together with data related to anthropometrics and functional measures, such as physical activity, in the future. These results highlight the importance of including high-throughput technology approaches in nutritional epidemiology studies to better investigate the diet-health relation through joint data analysis.
The scientific community is increasingly pooling information from multiple studies to construct large databases (50) . However, if subtle changes or differences are to be captured, standardized methodology and data formats are required (5) . There are many ways to overcome such challenges, one of which is by means of data harmonization approaches. In the case of dietary intake, the use of standardized methodology may be helpful to collect more comparable data and to minimize residual confounding. However, the challenge remains when exploring regional differences in nutrition behavior. Thus, standardized regional nutrient databases are needed to reflect country-specific products. Because our results showed that data owners were reluctant to share raw data, we had to design a simple stepwise process for the generation of harmonized databases that can easily be implemented in future federated data analyses: 1) consensus in the selection and definition of the list of variables requested in the research proposal to be circulated among the participating study partners in the form of a variable catalog, 2) generation of databases by using the variables and the exact variable names and format measures described in the variable catalog for study integration, and 3) creation of data dictionaries for each participating study. Data dictionaries derived from approved scientific research proposals will be stored in the metadatabase together with the successful research proposal as part of the uploaded files requested in the minimal requirements (Investigation category, descriptor 7). Cataloging such information will allow researchers to have an idea of the level of both homo-and heterogeneity across study designs as well as potential sample sizes available for analyses for future research proposals (51) .
The identification of 41 minimal descriptors, together with the 32 study-quality descriptors, will facilitate the integration of data sets and enable querying the meta-information of studies stored in centralized repositories for future research proposals. In addition, the identified descriptors for minimal requirements were used to develop the Ontology for Nutritional Studies (52) . The Ontology for Nutritional Studies aims to define a common language (controlled vocabulary) for study metadata as well as standardizing existing ontologies to facilitate data integration. 
